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Atom-atom interactions within a small volume were investigated through the excitation of ultra-
cold Rb atoms. The application of microwaves enhances these interactions, causing the suppression
of Rydberg state excitation. The suppression of Rydberg atom excitation was both qualitatively ob-
served and quantitatively analyzed using a universal scaling law, giving a measure of the atom-atom
interaction strength in agreement with theoretical prediction.
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I. INTRODUCTION
Strong dipole-dipole interactions between atoms in Ry-
dberg states allow conditional quantum manipulations
of atom pairs at micron-scale interatomic separations [1].
The blockade effect [2] uses these interactions to generate
entanglement, as recently demonstrated experimentally
[3–5]. A related fundamental goal is quantum manip-
ulation of small ensembles of atoms using the blockade
effect [6]. Collective Rabi flopping was recently experi-
mentally observed [7]. In extended samples, i.e. atom
clouds whose volume substantially exceeds the range of
the Rydberg-Rydberg interactions, a number of experi-
ments (reviewed in Ref. [1]) have observed signatures of
collective blockade.
In such extended samples, excitation of more than one
atom per blockade volume is suppressed. The excitation
of a single atom to a Rydberg state is sufficient to shift
the corresponding energy levels of its neighbors out of
resonance with the exciting laser photons. If there are N
atoms within the blockade volume, the effective Rabi fre-
quency of the excitation of the blockaded “superatom” is
collectively enhanced by
√
N . The Stuttgart group [8–10]
has derived and experimentally confirmed the existence
of non-trivial scaling relations that show how the excita-
tion fraction depends on experimental parameters such
as density and intensity.
In the main, experiments on blockade in extended sam-
ples have been done in the absence of applied fields, so
that the Rydberg-Rydberg interactions are dominated by
r−6 van der Waals interactions[11], where r is the inter-
atomic separation. These can be tuned with DC electric
fields to give Fo¨rster resonances, with potentially dra-
matic increases in interaction strength. A variety of ex-
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periments have utilized this capability, as reviewed in
[12].
Rydberg atoms also interact strongly with microwave
electric fields. In the context of laser cooled Rydberg
atoms, microwave spectroscopy has been used to probe
energy level shifts and atomic interactions [13–15]. Mi-
crowaves were utilized to transfer population to nearby
states [16, 17], and to investigate ionization of Rydberg
states [18].
Microwaves can also be used to increase the interaction
strength between Rydberg atoms. The strong coupling
of Rydberg atoms to resonant microwave fields makes it
easy to dress Rydberg atoms in superpositions of opposite
parity states, so that the atoms possess oscillating dipoles
and thereby interact via a dipole-dipole interaction of
comparable strength (∼ n4(ea0)2/r3) to the Fo¨rster in-
teraction. The first evidence for enhanced dipole-dipole
interactions from resonant microwaves was recently pre-
sented in the context of EIT in cold Rydberg gases [19].
In that work, Autler-Townes dressing led to enhanced
suppression of EIT (as compared to van der Waals inter-
actions) due to the stronger, longer range dipole-dipole
interaction.
In this paper we use all-optical means to study the en-
hanced interactions between microwave-dressed Rydberg
atoms. Using stimulated emission detection, we observe
the suppression of Rydberg excitation in a magneto-
optical trap. By monitoring the number of Rydberg
atoms created by two-photon excitation while varying the
density and laser intensity, a deviation from linear depen-
dence is observed when microwave coupling is applied.
The resulting suppression in the excitation of Rydberg
atoms is not only qualitatively observed, but additionally
quantitatively compared to theoretical predictions using
scaling law arguments and the superatom concept. The
results confirm the enhancement of Rydberg-Rydberg in-
teractions through microwave coupling.
2Our experiment, described in Sec. II, consists of ex-
citing 47s Rydberg states using two-photon excitation
pulses. We observe the Rydberg production by laser de-
excitation to the 6p state, detecting the subsequent 6p-
6s photons. Analysis of the transients allows measure-
ment of the excitation rates. In Sec. III, we show how
the superatom concept leads to a simple model for the
dependence of Rydberg production on density and inten-
sity, for the case of a 1/r3 interaction between the atoms.
We then present a calculation of the expected interaction
strengths for microwave-dressed 47s Rydberg atoms, in-
cluding the effects of angular momentum structure. We
then present in Sec. IV our results on suppression of Ry-
dberg excitation, comparing microwave dressed and un-
dressed atoms, and compare to the scaling theory.
II. EXPERIMENTAL SETUP
The basic geometry and energy-level scheme of the ex-
periment is shown in Fig. 1. The cold atom sample is
a magneto-optical trap of 87Rb atoms in the F=2 state.
In order to produce a fairly small volume of excited Ry-
dberg atoms, we cross a 780 nm laser beam with a 50
µm waist with another 480 nm laser focused to about 13
µm. The two lasers are tuned to produce 47s Rydberg
atoms via the pathway 5s1/2(F=2)→ 5p3/2 → 47s, de-
tuned ∆ = 2pi × 500 MHz above the intermediate 5p3/2
F′ = 3 state. The Rydberg atoms are de-excited by stim-
ulated emission from a uniform intensity 1016 nm laser
tuned to the 47s → 6p3/2(F′ = 2) transition, with de-
tection of the process by observation of the subsequent
6p3/2 → 5s1/2 fluorescence [20, 21].
The Rabi frequency of the 780 nm laser is Ω = 2pi×370
MHz at its focus, giving rise to a spatially dependent
repulsive AC Stark shift of about Ω2780/4∆ ∼ 2pi× 75
MHz for the 5s atoms. This inhomogeneously broad-
ens the two-photon excitation process, as illustrated in
Fig. 2. There we show the 6p fluorescence as a function
of the frequency of the 480 nm beam, measured relative
to the free-space resonance frequency. By tuning the 480
nm laser to the “Deep” end of the spectrum, we selec-
tively excite atoms at the center of the 780 beam. We
estimate that this reduces the effective waist of the 780
nm beam to about 20 µm, so that the Rydberg atoms
are produced from an excitation volume of about 2×20
µm×pi×(13µm)2 = 2×104 µm3. All results in this paper
were obtained by tuning the 480 nm laser to the “Deep”
portion of the spectrum at -68 MHz.
Left on continuously, the repulsion of the AC Stark
shift would deplete the local atom density. Thus the 780
nm laser is pulsed on for only 20 µs at a time, once every
500 µs, reducing the time-averaged force by a factor of 25.
The 780 nm laser also produces significant depumping of
the F=2 atoms; we estimate that about 1/4 of the atoms
will be in the F=1 state at the center of the excitation
region.
The 5p3/2 → 47s Rabi frequency at the center of the
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FIG. 1. (Color online) a) Energy levels for Rydberg atom
production and detection. Two photon excitation produces
Rydberg atoms, and a stimulated emission probe moves them
to the 6p state where decay photons are detected. b) Experi-
mental setup for the production of Rydberg atoms in a small
spatial sample. Not to scale.
crossed 480 nm beam can be calculated from the laser in-
tensities and matrix elements, resulting in Ω480=2pi×11.2
MHz. Combining this with the 780 Rabi frequency, we
estimate the effective two-photon Rabi frequency to be
Ω2=Ω780Ω480/2∆=2pi×3.8 MHz.
As discussed in our previous work [20, 21], we find
that the linewidth for excitation of Rydberg states by
our lasers is about 2pi×6 MHz. (The lasers are all ex-
ternal cavity diode lasers, locked to ∼ 10 MHz linewidth
transfer cavities that are themselves locked to Rb satu-
rated absorption lines [22].) The linewidth being larger
than the two-photon Rabi frequency, we conclude that
the excitation process is best modeled by assuming inco-
herent excitation. Thus we will analyze the population
dynamics for this paper in terms of populations and exci-
tation rates, instead of using optical Bloch equations. For
excitation of a transition with a linewidth γ, the effective
excitation rate is R = 2piΩ2/γ which gives an expected
peak two-photon excitation rate of R2 = 1.5 · 107/s at
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FIG. 2. a) Rydberg atoms are created over a large range of 480
nm frequencies due to the spatial variation of the AC Stark
shift from the 780 nm beam. This could give extra spatial
selection by choosing the largest shift, and hence the most
intense part of the 780 nm beam, here labeled as “Deep”. b)
With resonant microwaves coupling the 47s state to the 47p1/2
state, the resulting Autler-Townes splitting can be observed.
the center of the crossed lasers. As a result of the distri-
bution of excitation rates within the atomic sample, the
mean excitation rate is expected to be R2=3.7 · 106/s.
We detect Rydberg excitation by adding a third spa-
tially uniform laser that is tuned to be resonant on the
47s1/2 −→ 6p3/2 transition at 1016 nm. Atoms in the
6p3/2 state decay rapidly by spontaneous emission of 420
nm photons. The intensity of this laser was chosen to give
a stimulated emission rate of typically R3 = 3 × 105/s.
This value was chosen as a compromise between small
signal size (when R3 is significantly smaller), or insensi-
tivity to suppression effects (when R3 is larger).
The 420 nm photons, detected by a Hamamatsu
H7360-01 photon counting module, are binned in 100
ns intervals. The photon counter is triggered with the
start of each pulse of the 780 nm beam, and the counts
collected from many of these pulses averaged together.
Fig. 3 shows the result of averaging 300,000 such time se-
quences. Since the decay rate from the intermediate 6p3/2
state is significantly faster than the excitation rates used
in our sample, the 420 nm photon count rate is propor-
tional to the number of Rydberg atoms. From the count
rate, we determined the number of Rydberg atoms using
the known solid angle and branching ratio (2.4 × 10−4),
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FIG. 3. The photon count rate is recorded vs the time af-
ter the start of the excitation pulse, and averaged for many
cycles. The number of Rydberg atoms is proportional to the
equilibrium count rate, and the rise/fall times of the signal
are experimental measures of the excitation and stimulated
emission rates.
collection efficiency (12.7%), and the measured stimu-
lated emission rate.
The rise and fall times of the transients in Fig. 3 gives
an experimental measure of the excitation and stimulated
emission rates through an analysis of atomic populations.
The resulting excitation is incoherent, and the optical
Bloch equations can be simplified to rate equations for
the three level system:
dNg
dt
= R2(Nr −Ng) + Γ6pN6p
dNr
dt
= R2(Ng −Nr)−R3(Nr −N6p)
dN6p
dt
= R3(Nr −N6p)− Γ6pN6p, (1)
Since Γ6p >> R3, N6p ∝ Nr, allowing N6p to be elim-
inated. Solving the resulting two level system gives:
Nr =
R2
2R2 +R3
(1− e−(2R2+R3)t). (2)
The observed rise time is then equal to 1/(2R2 + R3)
and fall time (in the absence of excitation light) is equal
to 1/R3. The stimulated emission rate R3 determined
from the fit to the data agrees within a factor of four of
our calculated value. The excitation rate R2 determined
from the fits is 0.6±0.2×106/s, smaller than the expected
value by a factor of six.
It should be noted from Fig. 3 that there is an initial
very rapid increase in population for the first microsecond
after turning on the Rydberg excitation, then a slower
population increase after that. For this data we are as-
suming little or no blockade, but if there is some blockade,
one might explain this behavior by noting that as excited
atoms move it might be possible for previously blockaded
atoms to be excited. This effect might explain why the
4excitation transient in Fig. 3 is slower than expected. For
the following analysis, we have used the deduced values
of R2 and R3 from data such as Fig. 3 at low densities
where suppression effects should be small.
Finally, in order to assure an accurate correlation of
photon counts to number of Rydberg atoms created,
there are two concerns which must be addressed: Su-
perradiance and collision induced ionization. We have
previously seen that superradiance has played a key role
in Rydberg dynamics [20]. However, in this experiment
the small excitation size greatly reduces the number of
Rydberg atoms, and we calculate the expected super-
radiant rates to be negligible. In this environment colli-
sion induced ionization and subsequent electron trapping
present a more serious concern due to the high Rydberg
densities. Collision induced ionization and subsequent
electron trapping have been shown to greatly affect the
Rydberg population [23] [24]. The effect of ionization
is often difficult to differentiate from a blockade signal
[25], and so it is important to prevent this process in our
sample. Indeed, when we switched to excitation of d-
states, we found complex population dynamics on a few
microsecond time scales [22]. S-state excitation, on the
other hand, showed no sign of such effects. This is con-
sistent with previous observations that s-states ionize on
much slower time scales than d-states do [26].
In order to study how Rydberg excitation is modified
when resonant microwave fields are applied, we use an HP
83640A synthesized sweeper with a microwave horn to
beam the microwaves into the vacuum chamber through
a glass window. Since Rydberg atoms have very strong
coupling between nearest-neighbor transitions, the states
can be easily brought into the strongly coupled regime
with only ∼0.1 mW reaching the atoms. The resulting
Autler-Townes splitting can be seen in Fig. 2b, and is
well described elsewhere [27]. We have examined the ex-
citation and stimulated emission rates with microwave
coupling, and seen that the microwave coupling reduces
the effective rates by ∼2, consistent with our expecta-
tions.
The basic experiment, then, consists of studying the
Rydberg population dynamics as a function of density
and laser intensity, with and without microwave dressing
of the Rydberg states. To interpret our results, we use
scaling arguments presented in the next section.
III. INTERACTION THEORY AND SCALING
In order to develop expectations for the scaling of Ry-
dberg atom production in a strongly interacting gas, we
use the idea of collective excitation [8], where the effec-
tive Rabi frequency is enhanced by the number of atoms
in the blockaded region according to
Ω2b =
√
NbΩ2 =
√
η
4pi
3
r3bΩ2 (3)
where Nb is the number of atoms in the blockaded region,
which is equal to the blockade volume 4pir3b/3 times the
ground state density η. The resulting scaling in a regime
where the enhanced Rabi frequency is much greater than
the linewidth of the transition γ was recently developed
[10]. However, it is expected that in our sample the ef-
fective enhanced Rabi frequency will remain smaller than
the transition linewidth. In this case, to be blockaded the
atom-atom interaction energy must be comparable to or
greater than the transition linewidth. For microwave cou-
pled interactions this would give:
C3β
r3b
= γ. (4)
The factor C3β accounts for the strength and angular
dependence of the interaction, as will be discussed further
below. In the limit of strong blockade, the number of
excitations contained in the extended sample volume V
will then be
Ns =
V
4pi
3 r
3
b
=
3V γ
4piC3β
, (5)
This is independent of the density or excitation rate.
In the absence of blockade, there are potentially Ns =
ηV Rydberg atoms that can be excited. To generalize the
scaling laws for the transition between the realm where
there is no blockade (Ns ∝ η) and full blockade (Ns con-
stant), we use the following interpolation:
Ns =
ηV√
1 + ( 3V γ4piC3β )
2
. (6)
Of course, other interpolation functions could be cho-
sen. This particular function was chosen for its simplic-
ity. Several other functions with the appropriate limiting
dependence were tried, and resulted in less than a 20%
change in the extracted parameters.
The relationship between the actual number of Ryd-
berg atoms created in steady-state and the number of
available excitation sites depends upon the relative rates
of excitation and stimulated emission. The steady-state
number of Rydberg atoms is given by:
Nr =
R2b
2R2b +R3
Ns. (7)
In the limit of strong blockade, the effective excitation
rate R2b is collectively enhanced by the number of atoms
in a blockade volume, and so can similarly be generalized
as
R2b =
√
1 +
(
η4piC3β
3γ
)2
R2, (8)
so Eqn. 7 can be written explicitly as
Nr =
R2V η
2R2
√
1 +
(
η4piC3β
3γ
)2
+R3
. (9)
5With this scaling relation, the number of Rydberg
atoms expected can be determined for a particular set
of η, R2, R3, V, and C3β, giving a means to quantita-
tively examine the number of Rydberg atoms created as
a function of several experimental parameters.
It is also worthwhile to consider the scaling of the
change in Rydberg atom number, dNr/dt, at small times
when the Rydberg state has minimal population. Fol-
lowing the line of thought described above,
dNr
dt
= NsR2b, (10)
which in the most general case can be written
dNr
dt
=
ηV√
1 +
(
η4piC3β
3γ
)2 2piΩ
2
2b√
γ2 + 2Ω22b
, (11)
As already discussed, for the densities available in our
experiment γ ≫ Ω2b. This results in the simplification of
Eqn. 11 to
dNr
dt
=
2piηV Ω22
γ
, (12)
which would scale linearly in both the ground state den-
sity and the 480 nm power. This is a different scaling
than the regime where the enhanced Rabi frequency is
larger than the transition linewidth, where a non-linear
scaling is seen[10].
We now calculate the atom-atom interaction strength
for use in analyzing our results. When the microwaves
are off, the Rydberg atoms interact via van der Waals
forces, which have been considered elsewhere [11]. The
interaction energy is given by
U6(R)vdW =
C6
r6
, (13)
with relevant numbers given in Table I.
For microwave dressed Rydberg states, the atoms ac-
quire oscillating dipole moments. The time-averaged
force between the dipoles is non-zero and gives an effec-
tive interaction. Neglecting spin, dressed s-state atoms
would experience a dipole-dipole interaction of the classic
form
U3 =
C3
r3
P2(cos θ) (14)
where θ is the angle between the interatomic axis and the
polarization of the microwave field, and P2 is a Legendre
polynomial. Including the degeneracies associated with
spin modifies this simple picture. In the Appendix we
consider the case of dressing on an s1/2 → p1/2 transi-
tion, as we have done in this experiment. The results are
summarized in Fig. 4. There are now four different inter-
action potentials, with corresponding eigenstates that are
superpositions of the four possible |m1m2〉 combinations
of angular momentum states of the pair of atoms. Two of
Van der Waals Microwave Coupled
State C6 rb Nb C3β rb Nb
30s 30 1.3 0.10 76 2.3 0.43
47s 7.1× 103 3.3 1.6 530 4.1 3.1
60s 1.3× 105 5.3 6.8 1.4× 103 5.7 8.5
TABLE I. The interaction strengths C6(MHz µm
6) and
C3β(MHz µm
3), blockade radius rb (µm), and blockaded
number Nb for various Rydberg levels accessible to our ex-
periment. These values are shown for both van der Waals
interactions and microwave coupled interactions. The transi-
tion linewidth is assumed to be 6 MHz.
0.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.2
-0.1
0.0
0.1
0.2
Θ HradL
Β
FIG. 4. The microwave-induced portion of the interaction
energy as a function of the angle between the two dipoles for
the possible angular momentum states for microwave coupling
on s1/2 → p1/2. A state exists with zero microwave-induced
interaction energy, which therefore experiences only weaker
van der Waals interactions. The s1/2 → p3/2 coupling does
not have this zero.
the potentials have strong angular dependences, but the
other two are isotropic, and one of them has zero dipole-
dipole interaction. In general, we express the angular
averaged strength of the interaction via the parameter β
introduced in Eq. 4.
We have used the calculated interaction strengths to
estimate the blockade radii and the number of atoms
within a blockade sphere for various states (Table I).
Simulations suggest that a reasonable accounting for
the blockade effects of the angular dependence of the
microwave-induced interaction can made by taking β =
1/9 for the three interaction curves of Fig. 4, and as-
suming a van der Waals interaction for the β = 0 curve.
For our densities, we do not expect to see suppression at
the 30s even with microwaves, while the 60s state would
show strong suppression with either van der Waals or
microwave coupled interactions. The 47s level presents a
compromise where the difference between the two cases
is more pronounced, and hence the 47s state is used in
the experiments described here.
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FIG. 5. a) An examination of the Rydberg production with only van der Waals interactions. Rydberg atom number versus
ground state density shows a linear dependence, and indicates that atom-atom interactions do not limit excitation. b) Rydberg
production with microwaves coupling the 47s and 47p1/2 states. Rydberg atom number versus ground state density shows a
clear deviation from linear dependence, and indicates that atom-atom interactions begin to suppress Rydberg atom excitation.
The data is fit using Equation 9, giving C3β = 530(90) MHz µm
3.
IV. STUDIES OF SUPPRESSION
We now turn to our experimental studies of suppres-
sion in the presence of resonant microwaves.
Using transients such as in Fig. 3, we study Rydberg
atom production as the density of atoms is changed. We
reduce the density from its maximum value by placing
an iris in the MOT trapping beams, thus reducing the
MOT loading rate [22]. This technique enables variation
of the number of atoms without significantly altering the
volume of the atom cloud. If no microwaves are applied,
van der Waals interactions dominate. From the consider-
ations of the previous section (Table I), less than 2 atoms
are present in each blockaded volume at maximum den-
sity, and so minimal suppression is expected.
Figure 5a shows the number of Rydberg atoms versus
the ground state density, with no applied microwaves.
During this series of scans, the excitation and stimulated
emission rates were maintained at their maximum value:
R2 = 0.6× 106/s and R3 = 0.3× 106/s. A linear depen-
dence is observed, supporting the estimate that atom-
atom interactions do not significantly effect the excita-
tion in this regime.
The situation changes as microwaves are applied, in-
creasing the Rydberg-Rydberg interactions. Figure 5b
shows the number of Rydberg atoms versus the ground
state density, while the excitation and stimulated emis-
sion rates were again maintained at their maximum
value, this time with microwaves on resonance to the
47p1/2 state. At high ground state densities, the num-
ber of Rydberg atoms produced ceases to grow linearly.
This deviation from a linear dependence suggests that
the increased interactions between atoms have started
to suppress further Rydberg excitation as the density is
increased. The slope at low density gives the effective
excitation volume, while the density at which saturation
begins determines the interaction strength. We fit the
data using Eqn. 9, and obtain an excitation volume of
2.1(4) × 104 µm3 and an effective interaction strength
C3β of 530(90) MHz µm
3. Both the deduced interaction
strength and the excitation volume are consistent with
expectations from Sect. II and Sect. III.
A prediction of the scaling model in Section III is that
under our conditions the slope of the Rydberg excita-
tion curves dNr/dt should be proportional to the atom
density for both the van der Waals and microwave in-
teraction cases. Indeed, for both the van der Waals
and microwave coupled cases a linear dependence on the
MOT density is observed, consistent with expectations
for the regime where the transition linewidth is signifi-
cantly larger than the effective excitation rate. If higher
densities, and hence higher effective excitation rates, are
achieved in the future, it will be interesting to further
examine this dependence.
As a second means of studying suppression of Rydberg
atom excitation, we vary the 480 nm laser power. The
data, both with and without microwave excitation, are
shown in Fig. 6. Even in the absence of interactions, the
power dependence is nonlinear due to the competition
between excitation and de-excitation (see Eq. 7). The
effect of blockade is to reduce the laser power at which
the competition becomes apparent. From fitting the data
7100
80
60
40
20
0
Ry
db
er
g 
At
o
m
s
121086420
P480 (mW)
 Van der Waals
 Microwaves
FIG. 6. An examination of the Rydberg atom population
with microwaves coupling the 47s and 47p1/2 states. Rydberg
atom number is plotted versus 480 nm laser power, both with
and without microwaves to allow observation of the difference
which increased interactions provide. The microwave coupled
data is fit using Equation 9, giving C3β = 370(100) MHz µm
3.
to Eq. 9 we obtain an effective interaction strength C3β
of 370(100) MHz µm3 and a volume of 1.5(4)× 104 µm3.
The deduced interaction strength is somewhat smaller
(1.5 standard deviations) from our expectations and the
value deduced from the density dependence data.
V. CONCLUSIONS
We have shown that the interactions between Rydberg
atoms are increased by dressing them with resonant mi-
crowave fields, essentially giving them oscillating electric
dipole moments. In our experiment, the enhanced inter-
actions were studied by measuring the suppression of Ry-
dberg excitation due to the blockade effect. We derived
scaling relations valid for our experimental parameters
that accounted well for the observed excitation suppres-
sion and its dependence on density and laser intensity.
The inferred interaction strengths were consistent with
expectations.
Theoretically, we have shown that the Zeeman degen-
eracy of the dressed states alters the angular dependence
of the Rydberg-Rydberg interactions. In particular, we
predict that for the s1/2 → p1/2 dressing used in our
experiment, there is a particular superposition of Ryd-
berg states that is non-interacting for all angles. This
state, which still experiences van der Waals interactions,
might be more apparent in Rydberg EIT experiments, or
at smaller principle quantum numbers where the van der
Waals interactions are smaller relative to the microwave-
dressed dipole-dipole interactions.
Interesting future experiments would be to repeat the
current study using s1/2 → p3/2 dressing, where we pre-
dict that there is no non-interacting state. In addition,
our relatively broad excitation line widths of 6 MHz re-
sulted in clearly observable but modest differences in the
excitation under conditions of microwave dressing as op-
posed to van der Waals interactions. With narrower exci-
tation lines, and going to smaller principle quantum num-
bers, the effects should be greatly enhanced. This sug-
gests that it might be possible to implement asymmetric
blockade schemes [28] using time-dependent microwave
fields to alternately produce strong or weak blockade.
Finally, we note that this work, as with our previous
experiments and much recent work on quantum manip-
ulation experiments using Rydberg atoms, uses photons
for Rydberg detection. It is interesting to contrast this
trend with decades of experiments using ionization de-
tection [29].
ACKNOWLEDGMENTS
This research was supported by the National Science
Foundation.
[1] M. Saffman, T. Walker, and K. Mø lmer,
Reviews of Modern Physics 82, 2313 (2010).
[2] D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Coˆte´,
and M. D. Lukin, Phys. Rev. Lett. 85, 2208 (2000).
[3] T. Wilk, A. Gae¨tan, C. Evellin, J. Wolters, Y. Miroshny-
chenko, P. Grangier, and A. Browaeys, Phys. Rev. Lett.
104, 010502 (2010).
[4] L. Isenhower, E. Urban, X. L. Zhang,
A. T. Gill, T. Henage, T. A. John-
son, T. G. Walker, and M. Saffman,
Physical Review Letters 104, 010503 (2010).
[5] X. L. Zhang, L. Isenhower, A. T. Gill, T. G. Walker, and
M. Saffman, Phys. Rev. A 82, 030306(R) (2010).
[6] M. D. Lukin, M. Fleischhauer, R. Cote, L. M. Duan,
D. Jaksch, J. I. Cirac, and P. Zoller, Phys. Rev. Lett.
87, 037901 (2001).
[7] Y. O. Dudin, L. Li, F. Bariani, and A. Kuzmich,
arXiv:1205.7061 (2012).
[8] R. Heidemann, U. Raitzsch, V. Bendkowsky, B. Butscher,
R. Lo¨w, L. Santos, and T. Pfau, Phys. Rev. Lett. 99,
163601 (2007).
[9] R. Heidemann, U. Raitzsch, V. Bendkowsky, B. Butscher,
R. Lo¨w, and T. Pfau, Phys. Rev. Lett. 100, 033601
(2008).
[10] R. Lo¨w, H. Weimer, U. Krohn, R. Heidemann, V. Bend-
kowsky, B. Butscher, H. P. Bu¨chler, and T. Pfau, Phys.
Rev. A 80, 033422 (2009).
[11] T. G. Walker and M. Saffman, Phys. Rev. A 77, 032723
(2008).
[12] D. Comparat and P. Pillet,
J. Opt. Soc. Am. B 27, A208 (2010).
[13] K. C. Younge, B. Knuffman, S. E. Anderson, and
G. Raithel, Phys. Rev. Lett. 104, 173001 (2010).
[14] S. E. Anderson, K. C. Younge, and G. Raithel, Phys.
Rev. Lett. 107, 263001 (2011).
[15] H. Park, P. J. Tanner, B. J. Claessens, E. S. Shuman,
8and T. F. Gallagher, Phys. Rev. A 84, 022704 (2011).
[16] H. Maeda, J. H. Gurian, and T. F. Gallagher,
Phys. Rev. A 84, 063421 (2011).
[17] K. Afrousheh, P. Bohlouli-Zanjani, D. Vagale, A. Mug-
ford, M. Fedorov, and J. D. D. Martin, Phys. Rev. Lett.
93, 233001 (2004).
[18] H. Park, E. S. Shuman, and T. F. Gallagher,
Phys. Rev. A 84, 052708 (2011).
[19] M. Tanasittikosol, J. D. Pritchard, D. Maxwell, A. Gau-
guet, K. J. Weatherill, R. M. Potvliege, and C. S. Adams,
Journal of Physics B: Atomic, Molecular and Optical Physics 44, 184020 (2011).
[20] J. O. Day, E. Brekke, and T. G. Walker, Phys. Rev. A
77, 052712 (2008).
[21] E. Brekke, J. O. Day, and T. G. Walker, Phys. Rev. A
78, 063830 (2008).
[22] E. Brekke, Ph.D. thesis, University of Wisconsin (2009).
[23] W. Li, M. W. Noel, M. P. Robinson, P. J. Tanner, T. F.
Gallagher, D. Comparat, B. Laburthe Tolra, N. Van-
haecke, T. Vogt, N. Zahzam, P. Pillet, and D. A. Tate,
Phys. Rev. A 70, 042713 (2004).
[24] A. Walz-Flannigan, J. R. Guest, J.-H. Choi, and
G. Raithel, Phys. Rev. A 69, 063405 (2004).
[25] T. Vogt, M. Viteau, A. Chotia, J. Zhao, D. Comparat,
and P. Pillet, Phys. Rev. Lett. 99, 073002 (2007).
[26] W. Li, P. J. Tanner, and T. F. Gallagher, Phys. Rev.
Lett. 94, 173001 (2005).
[27] S. H. Autler and C. H. Townes,
Phys. Rev. 100, 703 (1955).
[28] M. Saffman and K. Molmer, Phys. Rev. Lett. 102, 240502
(2009).
[29] T. F. Gallagher, Rydberg atoms (Cambridge University
Press, Cambridge, 1994).
Appendix: Dipole-dipole interactions in dressed
microwave fields
We consider the interactions between Rydberg atoms
dressed in resonant microwave fields. For concreteness,
we consider zˆ-polarized microwaves dressing an s1/2 level
(with states denoted |sms〉) and a p1/2 level (|pmp〉), but
it is not difficult to extend the results to other situa-
tions. We shall see that the Zeeman degeneracy of the
levels leads to unusual angular dependences and coupling
strengths.
We assume that the microwave Rabi frequency is large
compared to the dipole-dipole coupling, optical Rabi fre-
quencies, and to Zeeman shifts. Then, to first order, the
atoms are in dressed Autler-Townes eigenstates that are
linear combinations of the bare states |sm〉 and |pm〉:
|m〉± =
(
|sm〉 ± (−1)m−1/2 |pm〉 e−iωt
)
/
√
2 (A.1)
with the ± depending on which of the two dressed states
are being excited by the light. For each atom, there are
two pairs of dressed states, for m = ±1/2. Since the
microwave coupling is assumed to be the strongest in the
system, dipole-dipole interactions will to first order only
cause transitions between the Zeeman-degenerate states
within a given Autler-Townes manifold |m〉+ or |m〉−.
We assume that two such dressed atoms are a distance
R apart, with their interatomic axis oriented at an angle
θ with respect to the microwave polarization. The dipole-
dipole interaction is
V =
e2
r3
(x′Ax
′
B + y
′
Ay
′
B − 2z′Az′B) (A.2)
where, for example, x′A is the x-coordinate of the electron
position operator on atom A, measured with respect to
its nucleus, with the prime denoting that the operator is
written in a coordinate system whose z′-axis is oriented
along the interatomic axis.
Considering the matrix elements of V within a single
dressed-state manifold, we get matrix elements like
〈m1m2|x′Ax′B |m3m4〉 = (A.3)
1
4
(〈sm1|x′A |pm3〉 〈pm2|x′B |sm4〉+
〈pm1|x′A |sm3〉 〈sm2|x′B |pm4〉) + . . .
The ellipses denote terms such as
〈sm1sm2|x′Ax′B |pm3pm4〉 e−2iωt
that rapidly oscillate in sign and time-average to zero.
For the s1/2 → p1/2 case considered, the ex-
plicit matrix for V , with the basis states ordered as
|1/2, 1/2〉 , |1/2,−1/2〉 , |−1/2, 1/2〉 , |−1/2,−1/2〉, is
V =
C3
9r3


−P2 0 0 1− P2
0 −P2 P2 0
0 P2 −P2 0
1− P2 0 0 −P2

 (A.4)
where C3 =
(
eR
npp
nss
)2
in the notation of Ref. [11], and
the Legendre polynomial is P2 = (1 + 3 cos(2θ))/4. The
matrix divides into two non-interacting subspaces with
|M | = |mA +mB| = 0 or 1.
The M = 0 subspace, with all four elements propor-
tional to P2, has a zero eigenvalue; there is no energy
shift from the dipole-dipole interaction for this state. The
other three eigenvalues of V are non-zero and are shown
in Fig. 4. The explicit energies are
V =
C3
9r3
{0,−1,−2P2, 1− 2P2} (A.5)
Note that we have neglected van der Waals interactions
in this calculation, so the zero-eigenvalue state will gen-
erally still have those interactions.
We find that the case of an s1/2 level dressed with a
p3/2 level has no zero eigenvalue case. The energies are
V =
C3
9r3
{
3
8
(2− 7P2) ,−3
8
(7P2 − 1)
−3
8
(P2 + 1) ,−3
8
(P2 + 2)
}
. (A.6)
